A liquid chromatographic stationary phase containing immobilized P-glycoprotein (Pgp) was synthesized using cell membranes obtained from Pgp-expressing cells. The resulting Pgpstationary phase was used in frontal and zonal chromatographic studies to investigate the binding of vinblastine (VBL), doxorubicin (DOX), verapamil (VER), and cyclosporin A (CsA) to the immobilized Pgp. The compounds were added individually to the chromatographic system with or without ATP in the running buffer. Using this approach, dissociation constants were calculated for VBL (23.5 Ϯ 7.8 nM), DOX (15.0 Ϯ 3.2 M), VER (54.2 Ϯ 4.7 M), and CsA [97.9 Ϯ 19.4 nM (without ATP) and 62.5 Ϯ 4.6 nM (with ATP)]. The compounds were also added in pairs using standard competitive chromatography procedures. The results of the study demonstrate that competitive interactions occurred between VBL and DOX, cooperative allosteric interactions occurred between VBL and CsA and ATP and CsA, and anticooperative allosteric interactions occurred between ATP and VBL and VER. The chromatographic studies indicate that the immobilized Pgp was modified by ligand and cofactor binding and that the stationary phase can be used to study drug-drug binding interactions on the Pgp molecule.
P-glycoprotein (Pgp) is a member of the ATP binding cassette (ABC) superfamily of transport proteins (Loe et al., 1996; Doyle et al., 1998) . It is a 170-kDa cell membrane protein with two ATP binding sites and ATPase activity (Rosenberg et al., 1997) . Pgp acts as an efflux drug transporter whose substrates include anthracycline antibiotics and Vinca alkaloids (Cordon-Cardo et al., 1989; Clarke et al., 1993; Clarke and Leonessa, 1994) , steroids (Barnes et al., 1996) , verapamil (VER) (Yusa and Tsuro, 1989) , peptides (Foxwell et al., 1989) , and quinolines (Kusuhara et al., 1997) . Pgp is expressed in normal tissues and appears to be a major contributor to the blood-brain barrier (Cordon-Cardo et al., 1989; Tsuji et al., 1992) . Expression also has been detected in breast cancer where it is associated with a poor clinical response (Trock et al., 1997 ).
Pgp's broad substrate specificity has not been definitively explained. Several indirect and direct models for Pgp activity have been proposed (Shapiro and Ling, 1994) . The most popular model is the "membrane vacuum cleaner" mechanism in which Pgp binds its substrate from the inner leaflet of the plasma membrane and releases it into the extracellular fluid (Gottesman and Pastan, 1993) . In a related mechanism, Pgp activity has been described as a "flippase" that transports its substrates from the inner to the outer leaflet of the plasma membrane (Raviv et al., 1990; Higgins and Gottesman, 1992) .
The number of binding sites on the Pgp molecule has not been determined. There is evidence for the existence of multiple binding sites as some substrates bind to Pgp in a mutually noncompetitive manner (Raviv et al., 1990; Ferry et al., 1992 Ferry et al., , 1995 . Other data suggesting multiple binding sites include synergistic activity on ATPase activation (Garrigos et al., 1997) , substrate discriminating effect of specific Pgp mutations (Devine et al., 1992) , and differential effect of chemosensitizers on the photoaffinity labeling at two different locations on the Pgp molecule (Dey et al., 1997) .
One experimental approach to determine Pgp selectivity and transport mechanism has been the isolation of the transporter followed by purification using a combination of anion exchange and affinity chromatography (Shapiro and Ling, 1994; Sharom, 1995) . The isolated protein was then reconstituted into proteoliposomes either by the detergent dilution method (Shapiro and Ling, 1994) or by detergent dialysis followed by Sephadex-G50 chromatography (Sharom, 1995) . In the proteoliposomes prepared by either method, Ͼ90% of Pgp was reconstituted with an inside-out orientation, i.e., ATP-binding and cytoplasmic domains exposed to the ex-travesicular medium (Sharom, 1995) . The reconstituted Pgp could be used to study and characterize both drug-stimulated ATPase activity and ATP-dependent transport. Using this approach, the effect of verapamil and daunorubicin on [ ]VBL) accumulation in the proteoliposomes, a measure of transport, could be measured (Sharom, 1995) . The effect of verapamil on the ATPase kinetics (K m and V max ) also could be determined (Shapiro and Ling, 1994) .
Another approach to the determination of the effect of compounds on Pgp transport used the transepithelial flux of digoxin across Caco-2 cells (Wandel et al., 1999) . This method was used to determine the IC 50 for digoxin transport for 14 compounds. An in vivo method for Pgp transport in tumors and the blood-brain barrier also has been reported (Hendrikse et al., 1999 (Doppenschmitt et al., 1999) . The assays were performed in 96-well plates, and the method was designed to be adapted to high-throughput screens. Using this method, K m and IC 50 values for nine compounds were determined.
An alternative experimental approach to the determination of binding affinities is affinity chromatography. We have previously reported the synthesis of a liquid chromatographic stationary phase containing immobilized Pgp and its use in the determination of Pgp binding affinities (Zhang et al., 2000) . The present work expands the characterization of the Pgp-stationary phase and uses frontal and zonal chromatographic techniques to investigate the binding of vinblastine, doxorubicin, verapamil, and cyclosporin A (CsA) to the immobilized Pgp. The compounds were added individually to the chromatographic system with or without ATP in the running buffer. The compounds were also added in pairs using standard competitive chromatography procedures. The results of the study demonstrate that both competitive and allosteric interactions occurred during the chromatographic studies and that the binding affinities of immobilized Pgp are altered by the presence or absence of ATP. MO) . GF/C glass microfiber filters were from Whatman (Ann Arbor, MI). Scintillation liquid (Flo-Scint V) was purchased from Packard Instruments (Meriden, CT).
Experimental Procedures
Preparation of Membranes. As previously described, the Pgppositive MDA435/LCC6 MDR1 cell line was obtained by transduction of Pgp-negative-expressing MDA435/LCC6 human breast cancer cells with a retroviral vector carrying MDR1 cDNA (Pgp) (Leonessa et al., 1996) . Approximately 8 ϫ 10 7 cells were harvested in 10 ml of buffer A (50 mM Tris-HCl, pH 7.4, 50 mM NaCl, 2 M leupeptin, 2 M phenylmethanesulfonyl fluoride, and 4 M pepstatin). The suspension of cells was homogenized twice for 30 s (with a cooling period in between) with a Brinkmann (Westbury, NY) Polytron homogenizer. The homogenized cells were centrifuged first at 1,000g for 10 min, the pellets were discarded, and the supernatant was collected and centrifuged at 150,000g for 30 min. The membrane pellets were collected.
Immobilization of Pgp on IAM Particles. The membrane pellets were resuspended in 6 ml of solubilization solution (50 mM Tris-HCl, pH 7.4, 500 mM NaCl, 15 mM CHAPS, 2 mM dithiothreitol, 10% glycerol) for 3 h at 4°C. This was mixed with 100 mg of dried IAM particles and stirred for 1 h at room temperature. The suspension of Pgp-IAM was then dialyzed against dialysis buffer (150 mM NaCl, 10 mM Tris-HCl, pH 7.4, 1 mM EDTA, 1 mM benzamidine) for 36 h at 4°C (1.5 liters for every 12 h).
Preparation of the Liquid Chromatographic Column. The IAM particles with immobilized Pgp were packed into a HR5/5 glass column (0.5 ϫ 0.8 cm) after centrifugation three times at 350g for 3 min at 4°C. Then the column was equilibrated with buffer B (50 mM Tris-HCl, pH 7.4) at room temperature for 3 h.
Frontal Chromatographic Studies. The chromatographic system has been previously described (Zhang et al., 2000) and was primarily based upon the Pgp-IAM column connected on-line to a flow scintillation monitor (Radiometric FLO-ONE Beta 500 TR instrument; Packard Instruments). All chromatographic experiments were conducted at room temperature using a flow rate of 0.5 ml/min.
The marker ligand, either
CsA (2.0 nM) were applied to the Pgp-IAM column in sample volumes of 25 to 50 ml. The solutions containing the marker ligands were supplemented with a range of concentrations of either cold VBL, VER, doxorubicin, or CsA. Elution profiles were obtained showing front and plateau regions as illustrated for [ 3 H]VER (Fig. 1) . The observed elution volume data were used for calculation of ligand dissociation constants. The K d values of VER and CsA were calculated by nonlinear regression using Prism (GraphPad Software, San Diego, CA) and a one-site binding (hyperbola) equation (1) (Klotz, 1983 )
in which X is the concentration of VER or CsA; Y is equal to [verapamil] 
, where V min is the elution volume of VER or CsA under conditions where specific interactions (Winzor, 1985; Brekkan et al., 1996; Zhang et al., 1998) .
where I represents doxorubicin or CsA; [P] represents the concentration of active receptor in the volume; V min represents the elution volume of VBL under conditions where the specific interaction is completely suppressed; V max is the elution volume obtained with 1.0 nM [ 3 H]VBL. Control Experiments. Membranes from the Pgp-negative parental cell line MDA435/LCC6 (Leonessa et al., 1996) were prepared and immobilized on an IAM support as described above. Using the procedure described above, the Pgp-negative-IAM support was packed into a glass column (0.5 ϫ 0.8 cm), and a second glass column (0.5 ϫ 0.8 cm) was packed with untreated IAM support. The three columns, IAM support (negative control), Pgp-negative-IAM (positive control), and Pgp-IAM (experimental), were separately connected on-line to a flow scintillation monitor and used in zonal chromatographic experiments. In these studies, a mobile phase composed of Tris-HCl (50 mM, pH 7.4) was constantly pumped through the column at a flow rate of 0.5 ml/min. A single 100-l injection of the marker ligand [ 3 H]VER (23.5 nM) was injected onto the column, and the radioactive signal (cpm) was recorded every 6 s. The chromatographic data was summed up in 0.5-min intervals and smoothed using the Microsoft Excel program with a 5-point moving average.
Membrane Binding Assays. The binding assays were accomplished using a previously described method (Ferry et al., 1995) . Briefly, 50 l of [ 3 H]VBL [3-100 nM with 2% ethanol (v/v) ] was incubated with Pgp-containing or Pgp-negative membranes (150 g in 50 l) or bare IAM particles and 50 l of cold VBL (12 M) for 2 h at room temperature. Bound and free drug were separated by rapid filtration through Whatman GF/C filters that had been presoaked with 0.1% bovine serum albumin in Tris-HCl (50 mM, pH 7.4). The filters were then washed with 2 portions of 5 ml of ice-cold 20 mM Tris-HCl, 20 mM MgCl 2 buffer. The filters were dried, and retained radioactivity was quantitated by liquid scintillation counting. Specific binding was defined as the difference between total binding and nonspecific binding.
Protein Assay. The amount of membrane and the immobilized membrane were determined by bicinchoninic acid (BCA) protein assay. The sample was diluted with NaOH (0.1 M). A protein standard (0.3-37.5 g in 50 l) was prepared with albumin standard (Pierce, Rockford, IL). The measurement procedure followed the instruction in the Pierce BCA protein assay kit in which 20 ml of reagent A was mixed with 0.4 ml of reagent B. Aliquots (50 l) of standards and samples were added in triplicate to a 96-well plate and 200 l of BCA reagent (A ϩ B) were added to each well. The standards and samples were incubated at room temperature for 3 h, and the resulting absorbance at ϭ 570 nm was determined using a spectrophotometer. The amount of protein was calculated by using the Microsoft Excel program. (Ferry et al., 1995) and 36 Ϯ 5 nM (Korzekwa et al., 1998) . The K d value of 15.0 Ϯ 3.2 M determined for doxorubicin was also consistent with the reported value of 31.0 Ϯ 7.3 M (Ferry et al., 1995) .
Results

Chromatographic Studies with Vinblastine and
The chromatographic results also were consistent with the results obtained from binding assays using the same membranes used in the construction of the Pgp-IAM stationary phase. In these studies, membrane extracts were prepared from the Pgp-expressing cell line MDA435/LCC6
MDR1 and the Pgp-negative cell line MDA435/LCC6 (Hendrikse et al., 1999) . VBL binding to the two membrane extracts and the IAM support was determined using a previously described rapid filtration method (Ferry et al., 1995) . No specific binding was observed with the Pgp-negative cell membranes or the IAM particles, while a K d value of 54.5 Ϯ 40.8 nM was determined using the membranes from the Pgp-expressing cell line. The calculated affinity was consistent with the previously published value, 37 Ϯ 10 nM, obtained using the same experimental approach (Ferry et al., 1995) .
Chromatographic Studies with Verapamil and Vinblastine. When VER was used as the displacer of the [ 3 H]VBL marker ligand, the calculated K d value for VER was 54.2 Ϯ 4.6 M. This value was significantly higher than the previously reported values of 0.45 Ϯ 0.05 M (Ferry et al., 1995) and 0.6 Ϯ 0.18 M (Ferry et al., 1992) . When the experimental conditions were reversed and [ 3 H]VER was the marker ligand and VBL the displacer, no displacement of [ 3 H]VER was observed when 50 and 100 nM concentrations of VBL were added to the mobile phase ( Table 2) .
The specificity of the chromatographic interactions of VER with the immobilized Pgp were investigated through the independent immobilization of membrane extracts from the Pgp-expressing cell line and the Pgp-negative cell line on the IAM support. Zonal chromatographic studies were conducted with columns containing either the Pgp-IAM, Pgp-negative-IAM, or IAM support. When a 100-l sample of [ 3 H]VER was injected onto the columns containing either the Pgp-negative-IAM support or the IAM support alone, the retention volumes on both columns were less than 4 ml (Fig. 2 , curves 1 and 2). The volumes of these columns (as well as the Pgp-IAM column) are 0.5 ml, thus a retention of 4 ml indicates that it takes 8 column volumes to elute the [ 3 H]VER, indicating that an interaction occurred between the solute and both of the stationary phases. On the column containing the Pgp-IAM support, the retention volume of [ 3 H]VER was Ͼ20 ml (Fig. 2, curve 3) .
Chromatographic retention on biopolymer containing stationary phases is a combination of nonspecific and specific interactions. The former interactions are due to the physicochemical properties of the solute and stationary phase, i.e., electrostatic and hydrophobic interactions, while the latter (specific) interactions are due to interactions between the solute and a specific binding site (s) 3 H]CsA was used as the marker ligand and migrated alone through the Pgp-IAM, the retention volume was 7.8 ml (Table 2) , and no specific retention was observed (Fig. 3A) . The addition of 50 nM VBL to the running buffer increased the retention volume of [ 3 H]CsA to 15.7 ml (Table 2 ) and produced the expected frontal chromatogram (Fig. 3B) . When the VBL concentration was increased to 100 nM, the observed retention of the frontal chromatogram increased to 18.8 ml ( Fig.  3D ; Table 2 ).
Effect of ATP on the Chromatographic Properties of the Pgp-IAM. The addition of 3 mM ATP to the running buffer resulted in changes in the retention volumes of CsA, VBL, and VER. The concentration of ATP was selected based upon the previously reported studies of the secondary and tertiary structures of reconstituted Pgp (Sonveaux et al., 1996) .
In the case of CsA, the addition of ATP increased the retention volume from 7.8 to 17.5 ml (Table 2 ). In addition to the change in elution volume, the observed chromatogram changed from a frontal curve indicative of nonspecific retention (Fig. 3A) to a frontal chromatogram characteristic of specific retention due to binding interactions between the CsA and the immobilized Pgp-IAM (Fig. 3C) . With 3 mM ATP in the running buffer, [ 3 H]CsA was displaced from Pgp by the addition of unlabeled CsA. The results from the CsA displacement studies were used to calculate a K d value of 62.5 nM for CsA binding to the immobilized Pgp.
When VBL was the marker ligand, the addition of 3 mM ATP decreased the retention volume from 32.1 to 8.4 ml ( Table 2 ). The presence of ATP in the running buffer also changed the observed chromatograms from a frontal curve demonstrating specific retention (Fig. 4A ) to a nonspecific curve (Fig. 4B) . A similar effect was observed for VER as the addition of 3 mM ATP to the running buffer reduced the elution volume from 34.2 to 5.9 ml (Table 2 ) with a resulting loss in specific retention, as demonstrated by the shape of the frontal curve (data not shown).
Discussion
Quantitative affinity chromatography is an extensively studied and documented approach for the measurement of ligand-protein interactions (cf. Jaulmes and Vidal-Madjar, 1989 ). This technique uses both frontal and zonal chromatography to perform equilibrium, thermodynamic, and kinetic studies. In addition, displacement chromatographic techniques can be used to observe binding interactions between two or more ligands binding at the same or separate sites. In this manner, competitive and allosteric (cooperative or anticooperative) interactions can be readily identified.
In this study, both zonal and frontal chromatography were used to evaluate Pgp-ligand and ligand-ligand binding interactions. Using zonal chromatography, a comparison of the chromatographic retention of verapamil, a known Pgp substrate, on the native chromatographic support and the Pgppositive and Pgp-negative supports (Fig. 2) demonstrated that, for Pgp substrates, the observed chromatographic retentions were a function of specific interactions between the substrate and the immobilized Pgp.
The relationship between chromatographic retention on the Pgp-IAM stationary phase and Pgp binding affinity was also illustrated by comparison of substrate affinities calculated using frontal chromatography on the Pgp-IAM column and the results from classical filtration binding assays (Table  1) . The initial studies in this series were conducted using (Table 1) , which is consistent with results from filtration binding assays (Ferry et al., 1992 (Ferry et al., , 1995 . The displacement of [ 3 H]VBL by CsA indicated that CsA specifically and competitively binds to immobilized Pgp, but frontal chromatography with [ 3 H]CsA alone in the running buffer produced a low retention volume, 7.8 ml (Table 2) , and no detectable specific retention (Fig. 3A) . This indicates that under the experimental conditions, [ 3 H]CsA did not specifically bind to immobilized Pgp. However, the addition of 50 nM VBL to the running buffer produced a classical frontal H]cyclosporin A were obtained when 1) no ATP was present in the running buffer, 2) 3 mM ATP was added in the running buffer, 3) 50 nM cold vinblastine was supplemented in the sample (no ATP in the buffer), and 4) 100 nM cold vinblastine was in the sample (no ATP in the buffer) a 15.7 ml was measured at the condition of no ATP present in the running buffer, and 15.4 ml was obtained when 3 mM ATP was in the running buffer. (Fig. 3B ) and increased the retention volume to 15.7 ml (Table 2) . When the VBL concentration was increased to 100 nM, the retention volume also increased to 18.8 ml (Table 2 ; Fig. 3D ).
Conformational Changes in P-glycoprotein Binding Sites
The results from the studies with [ 3 H]VBL and [ 3 H]CsA as the marker ligands indicate that the addition of VBL to the running buffer produced a cooperative allosteric interaction in the binding process between [
3 H]CsA and the immobilized Pgp. This suggests that the binding of VBL to the immobilized Pgp alters the protein in such a manner that the site at which CsA binds is formed or made accessible to the ligand.
The data also indicated that once the VBL-induced change had occurred CsA bound to Pgp and displaced VBL through competitive and/or anticooperative allosteric interactions. The addition of CsA to the running buffer did not change the shape of the [ 3 H]VBL frontal chromatograms, demonstrating that the displacement was competitive in nature. One explanation of these results is that the VBL-induced CsA binding site is contiguous with or part of the VBL site. Thus, CsA binding to the induced site does not directly compete with VBL for the same site but inhibits VBL binding through steric interactions. Korzekwa et al. (1998) have proposed a similar model for enzymatic inhibition and activation of cytochrome P450 isoforms. In this model, the simultaneous but independent binding of two different substrates in the active site of the enzyme results in steric interactions that produce the displacement (inhibition) or reorientation (activation) of one of the substrates.
In these studies, the addition of increasing concentrations of VER to the running buffer reduced the retention volumes of [
3 H]VBL without changing the shapes of the frontal chromatograms. This indicates that VER competitively displaced VBL from its binding to Pgp, although the calculated K d value was significantly higher than previously reported values (Table 1 ). However, VBL was unable to displace [ 3 H]VER from the immobilized Pgp. These results suggest that VER binds to two or more distinct sites on the Pgp molecule including the site at which VBL binds. Furthermore, the site common to VBL and VER is not the primary, high-affinity VER binding site. Thus, the K d value calculated from the frontal chromatographic studies (Table 1) appears to be the sum of VER binding affinities. It could not be determined from the experimental conditions used in this study whether the VER and VBL sites are allosterically linked. Further studies will be required to select specific markers for the high-and low-affinity VER binding sites.
The existence of multiple binding sites on the Pgp molecule has been previously proposed. Using classical filtration binding assays, Ferry et al. (1992) obtained evidence of nonoverlapping binding sites for Vinca alkaloids and dihydropyridine substrates and for Vinca alkaloids and doxorubicin. Also, distinct sites for steroids and Vinca alkaloids (Garrigos et al., 1997) , steroids and VER (Orlowski et al., 1996) , VER and dihydropyridines (Pascaud et al., 1998) , and between differ- ent steroids (Orlowski et al., 1996) were supported by the results of studies using an ATPase activation endpoint. Moreover, separate binding sites have been suggested for VER and anthracyclines (Spoelstra et al., 1994; Litman et al., 1997) , VER and colchicine (Korzekwa et al., 1998) , and cyclosporins and dihydropyridines (Tamai and Safa, 1991) .
Pgp contains two ATP binding sites (Rosenberg et al., 1997) . A previous study has investigated the effect of ATP binding on the secondary and tertiary structures of Pgp using infrared attenuated total reflection spectroscopy (Sonveaux et al., 1996) . In this work, purified Pgp was functionally reconstituted into liposomes, and the effect of ATP, ATP with VER, VER alone, and ADP on the structure of Pgp was investigated. No effects were observed with VER alone or with ADP. However, the addition of ATP induced a change in the tertiary structure of Pgp. Sonveaux et al. (1996) used 3 mM ATP versus no ATP as the two experimental states for Pgp. In this study, we have used a running buffer without ATP and one to which we have added the same concentration of ATP (i.e., 3 mM). Thus, the chromatographic results with ATP in the running buffer should reflect the shift in Pgp tertiary structure indicated by Sonveaux et al. (1996) . Indeed, the addition of 3 mM ATP to the running buffer increased the retention volume of [ 3 H]CsA from 7.8 to 17.5 ml ( Fig. 3) , and the retention volume for [ 3 H]VER was reduced from 34.2 to 5.9 ml, with the loss of specific retention in both cases. These results suggest an ATP-induced anticooperative allosteric interaction. Allosterically produced reductions in retention volume can be distinguished from competitive displacements as illustrated by the effect of the addition of VBL on the retention volume of [ 3 H]VBL (Table 2) . In this case, the retention volume decreased, but the specific frontal chromatographic curves were retained (data not shown).
Thus, the addition of ATP to the running buffer produced changes in the chromatographic interactions between the ligands and the immobilized Pgp (i.e., specific to nonspecific and vice versa) that are consistent with the changes in the tertiary structure identified by Sonveaux et al. (1996) . In this case, the consequence of the change in Pgp tertiary structure was the creation of a specific binding site for CsA. The same change that increased the binding affinity for CsA also altered the site at which VBL binds, decreasing the affinity of Pgp for VBL. The effect of VBL on CsA binding affinity and the effect of ATP on the binding affinities of both VBL and CsA indicate that separate, but closely linked, binding sites for CsA and VBL exist on the Pgp molecule.
The immobilized Pgp liquid chromatographic stationary phase described in this report appears to reproduce Pgp substrate binding as determined by classical filtration binding assays. The observed binding is Pgp-specific, is highly sensitive to changes in the protein's tertiary conformation caused by Pgp interactions with substrates and ATP, and reflects changes occurring in the functional cycle of Pgp. Thus, Pgp-affinity chromatography represents a promising tool for a quick and reproducible evaluation of potential Pgp substrates and/or inhibitors and a useful probe of the transport mechanism. The data obtained through this approach provide new information on Pgp's mechanism of action, including evidence of binding sites for verapamil and for cyclosporins distinct from the ones for Vinca alkaloids. The data directly support a model of Pgp's action where these substrates can bind to distinct, although often allosterically connected, regions.
